Obesity and dysfunctional energy partitioning can lead to the development of insulin resistance and type 2 diabetes. The antidiabetic thiazolidinediones shift the energy balance toward storage, leading to an increase in whole-body adiposity. These studies examine the effects of pioglitazone (Pio) on adipose tissue physiology, accumulation, and distribution in female Zucker (fa/fa) rats. Pio treatment (up to 28 days) decreased the insulin-resistant and hyperlipidemic states and increased food consumption and whole-body adiposity. Magnetic resonance imaging (MRI) analysis and weights of fat pads demonstrated that the increase in adiposity was not only limited to the major fat depots but also to fat deposition throughout the body. Adipocyte sizing profiles, fat pad histology, and DNA content show that Pio treatment increased the number of small adipocytes because of both the appearance of new adipocytes and the shrinkage and/or disappearance of existing mature adipocytes. The remodeling was time dependent, with new small adipocytes appearing in clusters throughout the fat pad, and accompanied by a three-to fourfold increase in citrate synthase and fatty acid synthase activity. The appearance of new fat cells and the increase in fat mass were depot specific, with a rank order of responsiveness of ovarian > retroperitoneal > subcutaneous. This differential depot effect resulted in a redistribution of the fat mass in the abdominal region such that there was an increase in the visceral:subcutaneous ratio, as confirmed by MRI analysis. Although the increased adiposity is paradoxical to an improvement in insulin sensitivity, the quantitative increase of adipose mass should be viewed in context of the qualitative changes in adipose tissue, including the remodeling of adipocytes to a smaller size with higher lipid storage potential. This shift in energy balance is likely to result in lower circulating free fatty acid levels, ultimately improving insulin sensitivity and the metabolic state.
xcessive adipose accumulation is a key pathological contributor to insulin resistance, which, in the presence of dysfunctional ␤-cell insulin secretion, leads to type 2 diabetes. Adipose tissue serves not only as a depot for triglyceride but also as a dynamic endocrine organ involved in the control of energy balance. Evidence from human and animal studies substantiate the importance of adipose tissue, where too little, as in lipodystrophy (1), or too much, as in obesity (2, 3) , leads to insulin resistance and diabetes. In such cases, restoration of normal adipose levels results in an alleviation of the insulin-resistant state (4, 5) .
The recent development of thiazolidinediones (TZDs) as insulin sensitizers presents a new line of therapy for the treatment of type 2 diabetes. At the molecular level, these agents are ligands for peroxisome proliferator-activated receptor (PPAR)-␥, a nuclear hormone receptor expressed predominantly in adipose tissue. The TZDs have been shown to enhance insulin action and improve glycemic control by increasing peripheral glucose disposal and reducing hepatic glucose output. Although the exact mechanism(s) by which these agents exert their antidiabetic effects is still not fully understood, modulations of adipose tissue energy balanced via PPAR-␥ activation is believed to be a key contributor. Evidence that TZDs directly affect adipose tissue includes enhanced differentiation of preadipocytes into mature adipocytes and the regulation of gene expression in adipose tissue leading to the coordinated regulation of lipid metabolism (6, 7) . The antidiabetic efficacy of the TZDs correlates well with their rank order of binding affinity to PPAR-␥ (8) . Hence, it is reasonable to infer that most of the antidiabetic effects of TZDs result from PPAR-␥-mediated regulation of adipocyte gene expression and the subsequent improvement in adipose physiology.
In humans, insulin resistance and dyslipidemia are most closely associated with increased visceral adipose tissue mass (3,9 -11) . The factors that underlie the pathophysiology associated with android body fat distribution are complex and controversial. Regardless, there are numerous reports demonstrating regional adipose depot differences in gene regulation (12) (13) (14) (15) , lipolysis (16, 17) , response to weight loss (18, 19) , and even metabolic response to feeding (20) . In each case, these differences in regional adipose physiology are implicated as potential factors involved in the pathogenesis of insulin resistance. In animal studies, TZDs increase body weights due largely to increases in fat pad mass (21, 22) and alteration of adipocyte size and number (23, 24) . Similar increases in body weight have been reported in humans after 26 weeks of monotherapy with rosiglitazone or pioglitazone (Pio) (25, 26) . As in animals, the body weight increase in humans is due in part to an increase in adipose tissue mass (27, 28) . Equally important are the observations in humans that troglitazone and Pio treatment results in a redistribution of fat from the metabolically deleterious visceral adipose tissue to the more inert subcutaneous (SC) fat depots (27) (28) (29) (30) . Therefore, in light of the antidiabetic effects of TZDs, which occur in the presence of both an increase and redistribution of adipose mass, these studies were performed to better understand the nature of the TZD-induced adipose remodeling. To do so, female Zucker fa/fa rats were treated with Pio for up to 28 days to assess the quantitative and qualitative effects on white adipose tissue and their relationship to the known antidiabetic effects of this compound.
Magnetic resonance imaging. Assessments of body fat were performed by magnetic resonance imaging (MRI) on a Bruker Avance 3.0 T/60 cm wide-bore instrument (Bruker Medical, Billerica, MA) equipped with a 12-cm i.d. actively shielded gradient insert. Radio frequency pulses were transmitted, and the nuclear magnetic resonance signal was acquired with either a homogeneous birdcage Bruker resonator (i.d. 72-mm) or a custom-built Alderman-Grant resonator (i.d. 94-mm). Contiguous transversal slices were obtained along the rat length using a turbo-spin echo technique with 32 echoes per excitation and 128 phase-encoding steps. The imaging sequence was optimized for short echo time (echo time 6 ms) and short repetition time (repetition time 250 ms) to allow for signal suppression from other tissues than fat. The spatial resolution in plane varied with the rat size from 625 to 859 m 2 (2). Usually, 2-mm thick slices were obtained in three to four blocks (30 slices/block) to cover the whole body in ϳ30 min of total acquisition time.
Two-dimensional image series were then imported into IDL software (IDL, Boulder, CO) for pixel counting-based determination of fat volumes. Fat distribution was determined by manually outlining the visceral fat along the well-defined mesenteric line in each slice within the abdominal region. To assess regional changes in fat mass, the whole-body fat mass was segmented into total, intra-abdominal, or visceral; total SC; SC fat in the abdominal region; and thoracic fat in the region anterior to the diaphragm, which was mainly SC. A signal threshold was used after applying a Gauss filter, a quantization classifier, and a class select interaction to exclude all nonfat tissues in each slice. A density factor of 0.9 g/ml was used to convert fat volume (milliliters) into fat mass (grams). The MRI technique for determining total body fat mass was validated by comparing data in lean and obese fa/fa animals (linear regression, slope ϭ 0.9 and r 2 ϭ 0.98) using both MRI and the tritiated water dilution technique, as previously described (32) . Statistical analysis. Unless otherwise stated, data are presented as means Ϯ SE. Statistical analysis were performed using either a Student's t test or a one-way analysis of variance (ANOVA) with a Student-Newman-Keuls (SNK) test for post-ANOVA comparisons using SigmaStat v2.0 (Jandel Scientific, San Rafael, CA).
RESULTS
The antidiabetic effects of Pio were assessed in obese female fa/fa Zucker rats (Table 1) . When compared with their lean littermates (lean), the obese control rats (control) were extremely insulin-resistant, mildly hyperglycemic, and hyperlipidemic. Treatment of obese rats with Pio resulted in a marked reduction in insulin resistance and greatly decreased plasma insulin, FFA, and triglyceride levels. This reduction was sustained or enhanced over the treatment period. Similarly, glucose tolerance, following an oral glucose load, was markedly improved after 12 and 25 days of treatment. At the start of the experiment, average body weights in the control and the Pio groups were comparable (358 Ϯ 12 vs. 369 Ϯ 7 g, respectively) and greater than those in the lean group (181 Ϯ 3 g). Over the course of a 19-day treatment period, body weights increased in all three groups. However, body weight gain in the control group was further enhanced with the administration of Pio (Fig. 1A) . At the end of 19 days of treatment, the lean group had gained 20 Ϯ 2 g, the control group 78 Ϯ 4 g, and the Pio group 136 Ϯ 5 g. In keeping with the Pio-mediated increase on body weight, food consumption was also increased in the Pio group (Fig. 1B) -up by 52% at day 19. When the higher body weights of the Pio group were factored in, food consumption per kilogram per day was still 30% higher relative to the control group (75 Ϯ 4 vs. 58 Ϯ 2 g ⅐ kg -1 ⅐ day -1 for Pio and control; P Ͻ 0.05, as determined by the Student's t test). The calculated feed efficiency (Fig. 1B inset) was 70% higher in the Pio group-an effect indicative of a greater body weight gain for the amount of food consumed (i.e., greater metabolic efficiency).
In keeping with the known obese phenotype of fa/fa
Zucker rats, the weight of the IBAT, OV, SC, and RP fat pads were significantly heavier than those of the lean animals. Administration of Pio for 14 days resulted in a 130% increase in the mass of the IBAT, a 20% increase in the OV fat pad, and no change in either SC or RP white fat pad mass ( Fig. 2A) . After 27 days of Pio treatment, there was a further increase in the weights of the IBAT (240%) and OV fat pads (34%), along with a 50% increase in the weight of the RP. In contrast, the weight of the SC white fat pads remained unchanged (Fig. 2B ).
The increased adiposity was confirmed by the MRI measurement where the fa/fa rats treated with Pio for 28 days had a greater total body fat mass, along with a decreased lean body mass ( Table 2 ). On a regional basis (Fig. 3) , the fat mass increase in the thoracic region of the SC fat mass was greatest at 33% (125 Ϯ 9 vs. 166 Ϯ 7 g for control and Pio, respectively), followed by a 31% increase in the visceral fat mass. The smallest increase occurred in the abdominal region of the SC fat (aSC) at 13%. Consequently, there was a redistribution of fat from the SC mass in the aSC to the intra-abdominal visceral mass (V), as indicated by a greater V:aSC value ( Table 2) .
Markers of adipose tissue cellularity and metabolic activity were measured as a way to assess adipose tissue composition. In the OV fat depots of obese control ani-
FIG. 1. Effects of 19 days of treatment on body weight gains (A) and daily food consumption (B)
. Obese animals were administered Pio (f) as a food admixture at a daily dose of ϳ20 mg/kg, whereas the obese controls (OE) and lean animals (E) received regular rodent food. Food efficiency (inset) was calculated as the total weight gain over the first 10-day treatment period divided by the total amount of food consumed during that period. Data are expressed as means ؎ SE, with n ‫؍‬ 6 lean and 17 obese animals. P < 0.05 vs. control (Cont) ‫)ء(‬ and lean (#) as determined by ANOVA and the SNK test.
FIG. 2. Fat pad weights after 14 (A) and 27 (B) days of treatment with
Pio delivered as a food admixture at a daily dose of ϳ20 mg/kg. The controls received normal rodent food. Data are expressed as means ؎ SE, with n ‫؍‬ 6 -7 animals. *P < 0.05 vs. control and lean groups, respectively, as determined by ANOVA and the SNK test. mals, protein and DNA content per milligram tissue was lower than that in the lean group, consistent with adipose tissue from obese animals having fewer and larger lipidladen adipocytes per milligram tissue (Table 3 ). In comparing markers of adipose tissue metabolic activity per milligram wet weight, there were no differences in citrate synthase (an indicator of carbon entry into the Krebs' cycle) and fatty acid synthase (a rate-limiting enzyme in lipogenesis) activity between the obese control and lean groups (Table 3) . Pio treatment for 14 days increased protein and DNA levels per milligram tissue to levels comparable to those of the lean group, indicative of a greater number of adipocytes per milligram tissue mass. There was also an increase in the total amount of DNA and protein in the whole OV fat pad. Furthermore, citrate synthase and fatty acid synthase activity per milligram tissue, as well as total activity for the whole depot, were elevated two-to fourfold above levels in the control group (Table 3) , reflective of greater lipid metabolism.
Significant treatment-induced differences in the size distribution of adipocytes were also observed, and the magnitude and nature of these differences varied between the three white fat depots studied (Table 4 and Figs. 4 and  5 ). In the control group, size distribution of the adipocytes from all three depots distributed as cell populations with a single peak. The peak diameter of adipocytes from SC tissue (Fig. 4A) was 131 m, smaller than the peaks for RP (Fig. 4B) and OV (Fig. 5A ), which were both 147 m in diameter. In the SC depot, after 14 days of treatment with Pio (Fig. 4A) , the percentage of adipocytes in the mediumsized 90-to 150-m range decreased by 23%, whereas the percentage of small adipocytes in the 40-to 90-m range increased by 78%, while the distribution of the largest adipocytes (Ͼ150 m) remained unchanged (Table 4 ). In the RP depot (Fig. 4B) , treatment with Pio for 14 days resulted in a 38% decrease in the percentage of the largest adipocytes (Ͼ150 m), an 85% increase in the percentage of the small adipocytes (40 -90 m), with no change in the size distribution of the 90 -150 mol/l medium-sized adipocytes (Table 4 ). The most dramatic changes occurred in the OV depot (Fig. 5A) in which, after 14 days of treatment with Pio, there was a 71% decrease in the percentage of adipocytes in the large range and a 35% decrease in the medium-size range, whereas the populations of small adipocytes in the 40-to 90-m range expanded by 311% (Table 4) . Prolongation of Pio treatment to 28 days resulted in what appears to be a merging of the two peaks back into one population of smaller adipocytes, with a peak cell diameter of 110 m (Fig. 5B) .
The appearance of the small fat cells is further illustrated in the micrographs of the OV fat pad taken after 14 days of treatment with Pio (Fig. 6) . In the controls, there was an even distribution of equal-sized adipocytes throughout the depot (Fig. 6A) , whereas in the Pio group, there were large numbers of small fat cells (Fig. 6B) . However, these new small fat cells were not evenly distributed throughout the tissue but appeared as discrete clusters or patches of cells.
DISCUSSION
In light of the well-documented relationship between obesity and insulin resistance (33, 34) , the treatment effects of TZDs appear to be paradoxical in that their insulinsensitizing effects occur in the presence of an increase in body weight and whole-body adiposity. However, these conflicting quantitative changes should be assessed in context of the quality of the increased fat mass. Results of our present studies help to explain these seemingly paradoxical effects. While Pio increases fat mass, it does so in part by 1) increasing the number of small adipocytes in fat depots, 2) dramatically increasing the lipogenic activity in white adipose tissue, and 3) causing depot-specific redistribution resulting in a remodeling of the adipose depotsespecially the visceral adipose depots. The higher lipid storage capacity of the new, small, insulin-sensitive adipocytes likely serves to lower circulating plasma FFA levels and skeletal muscle triglyceride levels, which, in part, may account for the decrease in skeletal muscle insulin resistance (35) . This is especially significant given the known relationship between hyperlipidemia, skeletal muscle lipid content, and insulin resistance (36 -38) .
Treatment with Pio resulted in an increase in body weights that was evident as early as 3 days after commencement of treatment and was sustained throughout the 28-day treatment period. The Pio-induced increase in body weight was due in part to an accumulation of fat. Given the inverse relationship between obesity and insulin sensitivity, there was no apparent loss in the Pio-induced increase in insulin sensitivity, as seen by the sustained reduction in insulin levels at day 19 (Table 1) . Additional studies (data not shown) using the euglycemic-hyperinsulinemic clamp technique showed that the Pio-induced increase in whole-body glucose disposal and decreased hepatic glucose output were sustained at day 28 of treatment.
Concomitant with the Pio-induced increase in body weight, there is an increase in food consumption that cannot entirely be accounted for by the increase in body weight because food consumption per kilogram body weight is ϳ27% greater in the Pio group than in the controls after 11 and 19 days of treatment. Given the dramatic increase in IBAT mass in the Pio-treated animals ( Fig. 2) , it is tempting to attribute the increase in food consumption to an increase in energy expenditure. However, unlike thermogenic compounds, such as ␤ 3 -adreno- ceptor agonists (39), Pio does not increase whole-body energy expenditure, as demonstrated from indirect calorimetry studies (21) . Thus, the increased caloric intake appears to be preferentially mobilized toward energy storage, as indicated by the greater food efficiency in the Pio group (Fig. 1B) . This anabolic effect of Pio is further supported at the cellular level by the observations that Pio treatment increases citrate synthase (an indicator of carbon entry into the Krebs' cycle) and fatty acid synthase activity in the adipocytes, indicative of a greater flux of carbon into lipids (Table 3) . With 14 days of Pio treatment, there was no appreciable increase in the mass of the SC and RP fat depots, whereas the OV depot increased by 20% (ϳ3.2 g) ( Fig. 2A) even though body weights were 11% greater (411 Ϯ 10 vs. 456 Ϯ 10 g, control vs. Pio; P Ͻ 0.05, ANOVA). After 19 days of treatment, the increase in body weights in the Pio-treated animals was accompanied by further increases in the mass of the OV and RP, but the mass of the inguinal SC white fat depots remained unchanged (Fig. 2B) . However, the MRI data, which measures total SC fat, indicate that after 24 days of treatment, there is a clear and significant increase in the whole-body SC fat mass as well as in the SC mass in the abdominal region. This finding and similar observations reported by others (23, 24) support the concept that the anabolic effects of Pio are not entirely restricted to the major fat pads but are probably more diffuse in nature. Moreover, the MRI data reveal regional differences in the Pio-induced adiposity, in which greater lipid accumulation occurs in the visceral compared with the abdominal SC fat mass, such that the V:aSC ratio is greater in the Pio-treated animals. Although this increase in visceral fat mass might seem contradictory to the improved insulin sensitivity, the quantitative changes in the fat mass have to be analyzed with respect to the qualitative changes occurring in parallel, i.e., the change in the cell size and insulin sensitivity of this new fat mass.
Despite the minimal changes in the quantity of the different white adipose tissue depots after 14 days of treatment, there was a clear qualitative change reflected as an increase in cellularity. In the OV fat pad, total DNA levels as well as levels per milligram tissue were 62 and 40% higher in the Pio-treated rats, respectively, indicative of a greater number of smaller cells in this fat pad (Table  3 ). This increase in cellularity was further visually confirmed from micrographs of OV fat pad tissue, where clusters of small fat cells are clearly dispersed throughout the fat pad, after 14 days of treatment (Fig. 6) . These cellular effects, as demonstrated here and by others (23, 24) , are in keeping with the known PPAR-␥-mediated adipogenic effects of Pio (40, 41) . This adipogenic effect, which results in the generation of small fat cells, might help explain the decrease in circulating FFA levels and the improvement in insulin resistance. Relative to large fat cells, smaller fat cells have been shown to take up greater amounts of glucose in the presence of insulin (42) and are more sensitive to the lipogenic effects of insulin (43) . The biochemical data ( Table 3 ) also indicate that the fat pads have an enhanced capacity for lipid storage, as evident from the large increase in fatty acid synthase, a ratelimiting enzyme in the biosynthesis of lipids. In parallel, the activity of citrate synthase is also increased, indicative of a greater flux of two-carbon intermediates into the Krebs cycle and the generation of energy via oxidative phosphorylation to support the increased rates of fatty acid biosynthesis. Furthermore, treatment of diabetic rats with a PPAR-␥ agonist for 7 days was found to result in a coordinate regulation of genes that promote lipid storage in the adipose tissue, lipid depletion, and glucose utilization in the skeletal muscle and decrease gluconeogenesis in the liver (44) .
The magnitude of the adipogenic effects appears to be depot specific, as demonstrated from fat cell size distribution profiles of freshly isolated adipocytes using a Coulter counter. This instrument provides a unique methodology for the assessment of cell size and number by sorting aliquots of freshly isolated adipocytes according to their size over a range of 20 -200 m in diameter. The instrument is capable of generating cell size distribution profiles with a high degree of precision. In studies measuring mean fat cell size in normal and high fat-fed rats, the interanimal variability (n ϭ 16), measured as the percent coefficient of variation, was Ͻ1% (B.F. Burkey, unpublished data). In the studies reported herein, the distribution of fat cells from obese controls was unimodal, with a single peak at 137 m in the SC depots and 147 m in the RP and OV depots (Figs. 4 and 5) . A similar unimodal distribution of fat cells is observed in lean animals but with a peak at 85-90 m in the RP and OV fat pads (data not shown). In keeping with its known adipogenic effects, 14 days of treatment with Pio induced the appearance of a new peak in the 70-m range, indicative of a generation of new, small fat cells. However, there were clear depotspecific differences in the adipogenic response to Pio, with a rank order of responsiveness of OV Ͼ RP Ͼ SC. This differential response might, in part, be a reflection of the depot-specific differences in PPAR-␥ adipogenic responsiveness to TZDs because expression of the receptor is not known to differ between adipose depots (12, 45) . Although Pio stimulated adipogenesis, it also resulted in a decrease in the number of large fat cells in the OV and RP depots. This decrease in large fat cell numbers may be a reflection of an increase in the efflux of lipids from these insulin-resistant adipocytes in the presence of lower circulating insulin levels. Once again, there was a differential depot-specific response of these large fat cells to Pio, which might in part reflect depot-specific differences in insulin responsiveness. As insulin levels decline with Pio treatment, the large insulin-resistant adipocytes from one depot would be expected to release lipids and shrink faster than its counterpart in a less insulin-responsive depot. The decrease in the number of large adipocytes might also reflect a TZD-induced increase in mature adipocyte apoptosis given that PPAR-␥ agonists have been demonstrated to induce apoptosis in adipocytes (23) and other tissues (46, 47) . Furthermore, depot-specific differences in gene expression susceptibility to apoptosis have also been reported. Expression of cellular inhibitor of apoptosis protein-2 is higher in human omental fat than SC fat (13) , and the omental fat is more susceptible to apoptotic stimuli than SC fat (48) .
Given the known detrimental relationship between hyperlipidemia and peripheral tissue insulin resistance, the qualitative and quantitative changes in adipose tissue reported here could also account for the Pio-induced decrease in skeletal muscle insulin resistance (35) by decreasing circulating levels of lipids (49) . This decrease in plasma lipid levels might also account for the TZDinduced improvement in ␤-cell function (50, 51) because chronic hyperlipidemia has been demonstrated to impair ␤-cell function (52) (53) (54) . It must be noted that although the adipose tissue remodeling reported in these studies and by others (30) might explain the improvements in insulin sensitivity after chronic treatment with TZDs, they cannot account for the improvement in glycemic control that has been reported to occur within as little as 12 h after commencement of treatment with these agents (55) .
In humans, similar restructuring of adipose depots have been observed, but the shift in body fat appears to be inverse to that seen in animal studies. Treatment with troglitazone or Pio results in an increase in whole-body adiposity, but the shift in distribution of fat is such that the visceral fat decreases while the SC fat increases and the V:aSC ratio decreases (28 -30) . One factor that could account for this species difference is food intake. The rodents in this study were fed ad libitum, which, coupled with the increase food efficiency, results in the accumulation of large amounts of fat not seen in the human studies where patients are given nutritional guidelines to follow. Hence, whereas the lipid accumulation effects of the treatment of patients with TZDs was greater in the SC fat depot than visceral fat depot, the nature of these quantitative changes are yet to be assessed. Based on the results of our animal studies, accompanying the quantitative changes, one would also expect to see qualitative changes in the nature of these adipose stores resulting in a more insulin-sensitive depot. Whether the beneficial effects of adipogenesis will persist with prolonged TZD treatment or whether increased adipocyte storage of lipids will eventually result in an overall increased population of larger insulin-resistant adipocytes remains to be determined.
In conclusion, these studies demonstrate that whereas body weights and/or whole-body adiposity and adipose distribution remain important determinants in the pathology of obesity and insulin resistance, the quality and nature of the fat is also essential in determining the metabolic risk of increased whole-body adiposity.
